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Mntret: The eestriedve gvmmptions seguited by ot avnilable metbolds for estipating survisal prahe-
abidlitles render them unvidtable Tor analyzing real banding datae A& anodel B prapossd shifehy allows
surcdval rates wnd evovery rates to vary with the ealendare year, et atso allows fiseniles 1o bave rates
dilferent froge adulis, In addition to sursival rtes amd reeovers sates, the dilferentlal soloerability Tuee
tars ob jineniles rebative w adults are ebmated, NMintemim valiies of the vdances of Qe estinao ane
abo given, The new proceduee s applicd to sets of dock and goow data in which wisonally Lage
numbees of adult and jusentle birde were banded, “The wesnlts ure sliown to e gencrally comparile (o
those procitred by otbier methods, ity I addithon, imslght inte e etent of annval saviati m s gained.
Combintmg duta Trom aedilts and fovetilles wla Inerenses the elloctive sumple slee, sice e Juve dles

are i to enter the adult age class wbter suniviog tedr fundiad vear,
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The proper wanagement of a wildlife
speeies requires dnsight fnto the popalation
dymunics of that specles. The rate at which
a population ncquites new members {re.
cruitment rate) and the rale st which
members of o population die (modulity
rate) are tapieally the most vital charucter.
isties of the speeles’ dynamies, although
rites of fmmigration and emigrition may
he critical for coertain populations,  Gen.
erally, however, greatest attention is focused
upon the annual mortality rate or, cquivae
lenstly, its complement, the aonal survisal
rte. For n game species this is the pa.
rameter over which the mannger may have
some control 1t i diffieodt to nduce an
organism o reproduce of o higher rate or
to enmiigrale from one pupuiation to another,
but its prebability of dying con be affected
by wadifving the regulations controlling
the hinnting:  «arying the dally or seasonal
bag limit, altering the length of the open
season or the timing of it, or selectively
encouraging or discournging the hanting
of a partieular species,

The problem which confrants the dectsion.
maker, however, is determining mortality
(or survival) mtes for wild populations, so

an

it wny changes in them resulting L o
modilieation of the regndutions can he de.
tected. Most of the methods which have
heen wed in the past to estimate survival
cploy models which are bot tealistic Tor
u Inted population. Seher (1972) sumi-
marizes technigues which bave heen wsed
o estimate survival from iding datu aod
Auderson (1972) provides an - eatemive
bibliography refating to banding analysis,
Although assumptions are often not clearly
stated, most mdels require survival prob.
ubilities to he coustunt from one year to
another, which is ualikely @ be towe i
husting pressure or natural mortality fue
tors vary. Generally, 1audels do not allow
juveniles o bave survival mites dilferent
From adults, as is ordinarily the case, Newly
ull modeds require recovery mtes (rates of
shoating and reporting of wild birds handed
prior tu the bunting season; see Anderson
und Hemny 1972:19) to be constant from
une year to another, Again, this assumption
is not likely to be met in practice, A more
realistic model was recently proposed by
Sebher (1970), who allows survival rtes
und recovery rites to vary yeur to year, His
method is specifie to adnlt banding, low-
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ever, amld dovs not incerposate the bandings
ul vounyg hinds,

A need sl eaisty Tur o wmedel which
provides u realistle representation ol the
dati, yet which allows efffeient estinmates
to be obladned, A stsgle medel will wat
prove optimal under wll elresintances, liow.
vver, 11 species survives at w constant rate,
for example, it s injudicions te estimate
survival vates on o yearly basts, ‘e methogd
nnt approprinte for o particular Wy of
data depends upon the set of assumptions
decrned most plansible for those data. “The
st general mndel will oot give reliable
estinates unless the quamtity of data iy
abutdant, beeause such a model will in.
clude muperous paraieters so - that the
amonnt of iformution afwutl eachs purin-
cter comveyrd by the data dn the sample
will be simadl, Thus, the estinates are liable
to be fmprecise. A more resteletive model,
an the other hang. employs fewer parine
cters, so each will be measiered with greater
preciston, Better estimators: ordinadly se-
sult: fromy additional  assumptions heing
iy, provided the assmmptions are vatil.

A methad is proposed here which i suf
fickontly general to apply under o wide
vardety of clrciumstunees; yet, it is parsimo.
nions b that 1o parameters gee superfioous,
b stirvival of o lnnted spectes 3s anlikely
to he adequately represented by amedel
contuining fewer parnmetess, We will allow
the probability of adalt suevivad from year
{ to yeur {f + 1) to vary with the ealemdar
vear: Si= Pr {adult bied alive at beglming
of {§4 1)st year given it was alive at be-
wioning of ith year). We will also allow
the recovery rate Py to vasy with the cal-
endar year (or lamting season)s 7% = Pr
{actult Bird is shot in Ith year and reported
then). Notice that the sceovery rate ds o
compuosite of the hunting mostality rate and
the reporting rute,

We sy include the banding of juvenile

Jo Wildl, Manage, 38{2):1974

ENTIMATING SUnvival Bares o Jolon 200

(here used to denote binds less than ) year
of uge) as well ws addult birds in the wodel,
The following two restrictions, however,
will be fmposed: (1) 1o their 1st year,
juveniles will be subjected to Bvnting wnor-
tality and repurting at an inflated {or de-
flated ) eate 1 % P, compared Lo the adult
rate P They will survive theie Ist year at
a fraction £ % 8§ of the adult mte 8. 1
will represent the disproportionate valner-
abtlity of juventles 1o hunting mortality €
aelults and uveniles are reported at the
samie rate. £ represents differentia) supvivad
during their st year. We assine H and 1D
do not clunge from une year to another;
(2} Within any particalar year all birds 3
voear of age or older susvive and are e
cevered ab the swe rate. Thus, 2nd-year
Bircds are considered o be wdult, ad suffer
mortality at the swme rate as older birds.

Foam grteful to B Lo Joessen for per-
ission o use unpublished data feom pial.
lardd (Anas platychynelios) andings con-
ductedd by the Minaesota Departiment of
Natural Resources. Other mallard bandings
used in Bsample 1 were conducted by per-
somel of the Rice Lake, Agassiz, and Tama-
rae Natonal  Wildlifee Refuges and the
Nurtherse Pruirle Wildlife Researeh Ceuter.
I profited from discusstons with 11 W,
Miller and, especintly, Lo M. Cowardin, 1.
I, Anderson made severad valuile eriti-
cisms of an carly drft of the manvseript,
sad I I Springer provided editorial as-
sistunve

DERIVATION OF THE MODEL

\We will consider the case where banding
acenrs in 1 conseentive years and recoveries
are recorded for J yvears (I S 1), Asswne
a total of Ny adults are Danded at the be.
ginving of the ith year (prior to ath year
hunting scason). OF these a portion, NP,
will be shot and reposted o the ith year
A purtion, NS, will survive the il year
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Tab'e 1, Eapected (ecaveries of bady barded av adulny,
Soumd Lapected wunber o recoverios i sveap ot
. N
Yeur .lmlul:.:'i:‘ll 1 2 J I } [T
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2 N, N NES, o NS L S NS LSS NW,
T Nuf Co NS LS WY

andd enter the 6+ 1)st year, A fraction of
these, N8P will be shot and reported
durng the (f-1)st year, and so forth
through the last year of reeoverfes, year ).
A certaln nuber of handed birds will not
be reeovered by the end of the Jth year.
Lot N W, deante the espeeted valne of this
ntnber, Then

Wiz le D P Si= Pl Sy = o
o FLIURIY TR0 {1}

This procedute generates vae line in a table
of espeeted recoveries for eaeh yeae i
which banding oceurs. Table 1 illostrates
stieh o table

Lot Ay, be the actunl nuber of adult
birds banded in year ©amd recovered in
year f,oand let A, be the ammber of hirds
banded in year § und not recovered by the
end of yeur /. Then A = Ny= A=Ay -
i‘hh‘."‘ e A

Thus, eaed of the birds banded in the jth
year belongs to exactly one of the (J -+ 3)
mutually eselinive akd exhantive classes:
reeovered Inoyear i, recovered in year 41,
oo v, recovered du year 1+ o, recovered
in year J, not recovered by Jth year.

Henee, the handings form o multinomiul
experituent with cell expectations given in
the éth line of Tuble 1. The probability
function of the Ith year’s Dbancing s
Pr{du Apas s Aoy ALY = QP& Py
Siptenas o (PySie o 2 S )WL where
C| = Nl!f(-"lul AM.|' ¢ v d'\u! -’\|.1) is a con-

stant, L., € does uot depend upon the val.
s of the parameters,

An analogous wmodel enn e comstiseted
to represent the baneings and recoveries of
mvenile birds, Asswme a total of M. jue
veniles ate banded tn the ith year, 16 these
were mdolt birds, the espected nomber of
them reeovered tn the ith year would e
ML However, we allow for o differentinl
vulnerability to hunting of juveniles to
adults so that MALP; s the expected number
of direet recoverius, OF the M, birds banded,
u partion (MDS) are espected o survive
into the (f + 1)st year, where 12 s o differ-
entlal valnerability fuctor foe Ist yeur sur-
vival. Those which do survive their initinl

vear will function just as adults, wd so o - -

fruction, P MDS, of them will be re-
covered do year (F++ (). These consider.
tions lead 10 o table of expected recoveres
of hirds handed s juveniles, analogons to
Table 1. V' the probability that u bird
banded as a fuvenile in year § will not be
recovered by the end of year J, is given hy
Vizm 1= lP=DP S (= DPuSiSiy =2 0
- PP S; . SJ.|
=1=(11=DYP- D(1-W,)

in terms of Wooas defined by Equation 1.
Let By he the number of juvenile hirds
banded in year 1 and recovered n year |,
and let B, be the number not recovered by
the end of the Jth year. The probability

function of the ith year's banding of juve.
niles Is
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X IR LA
where
Co= M B! -
is another constant,
Making the wsual assuption that cach
Banded individual Is or s nol reeovered
independently of cach other individual teads
o model fncorporating the bundings and
recoverivs Tor both adults and juveniles in
all years, “The Joint probadility funetion Is
simply the prodiet of eacl Individual prob-
alidlity function:

I’r ‘.‘\U. ”ul
= [L erpag veia,)

=1L, [C.C"u"--r.“u"'-" 1L..om
R LU
X(P’ H:‘“s”) ’ “’f'l‘\"["l‘]' (2)

ESTIMATION OF THE PARAMETERS

With handings i yewrs 1 through 1, we
may esthmate recovery stes for each of
those years. Survival probabilities ean he
calenlted for cach but the lost yenr. 1n.
cluding the differentinl valnerability fue-
tors, the Following guantities are estimable:
D Py Pyysoo o (P 8y Sae 0 0, Seens

If recoveries are avallable from years
heyond the last year of banding, Le. 10 ) > 1,
certain parameters enter the  probability
function (Equation 2) hut cannot be direetly
estimnted. ‘These parameters are Py, Pros
JEITIN :S:. Sten s ¢ ¢, Sepe The quantity

= P Sp -+ P8y Sees - -
+ PaSiSpay o 0 Saa

can, however, be estimated. This quantity
is not ordinarily useful unless fuecher as-
snmiptions are macde, cither about the re-
covery rates or the survival rates, bt
estimation of the parameters of interest re-
ynires that 2 be estimated,

BB
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Mavimo Likelihood  estimators (e
Kendall and Stuart 1967:3300) of the ]m-
rameters were obtafned frome Eguation 2,
These estinitors are the values of the g
rateters which wonld most Bhely result in
the datin which were actuslly olserved.

The difterential vuluerability of jusventles
to hunting is estited by Eoguation 3. Each
termn I the denotingtor is the esprected
number of direct (1sevear) recoveres of
juveniles if their Istsyear recovery rale were
identical 1o that of aduft bivds, Each ternn
i the namerator {5 the actoal imber of
juvenile diseet reeverivs. The ealio then
is o meusnre of the excess voluetability of
jseniles I their st year as compared to
adults,

1'::2' u.‘/ Z b,

The differential survivad of [n\'cmh:s i
esthmated by Beguation 4, Here 1 =W, estl-
nutes the preportion of adults hunded in
vear I which nre recovered by the et of
year J, so L=\ = 1% estimales the propor-
tion recovered In some vear bevoud e
year of handing. lenee, vach term in the
denominator represents the wumber of ine
dircet recoveries of juveniles expected if
they were sduolts, In the nimerator, each
tenm .(.

baael
of indireet secoveries of juveniles, Since we
asstimed joveniles function as adults onee
they attafn the age of 1 year, any diserep-
aney between the numerstor and denomi.
mater reflects differentinl survival in the
juveniles' Ist vear,

DD 2

b= (4)

2 M1 - Wi )

In the Equation 5 fur £, the dentinator
estinsates the mmaber of banded birds (adult

By indicates the actwal tnmber




|

and juvenile adjuetey for differentinl val
nerability) that e obs < I year Ky regard.
less of the year in which they were baded,
The vamerator is e nnmber of recoveries
it the Kty year from all bandings; henee,
the ratio indicates the reeovery sate in the
Eth vear,

= kB
DI | B

o -1
4 (N + H.\h)] ()
The suvival mte for year & i estimated
by Fapution 8. The deneminador estimates
the expected number of baneded birds that
would he recovered in all years heyend
the kth if they had all suevived the kth
sean, L, if 8= 1 The numerator expresses
the uctind mumber of reeoveries, su their
rativ estimates the proportion survising the
Ath yoar, Lo, Si

Si= 3 20 A B
A5 bS5
Al
In (8). f:uu be estinmted by

e Z‘.,.E‘,,m (Ay+By)
PR LI | S

The W, in (‘l)_ are given by (1)} and are
estimated by Wy == A, /N,

{6)

Solution of the Equations

LEach of the estinmting cquations involves
the paramceters fmplicitly, and no direct
sulutions have been obtained; however,

et vtene Seaviy sk I o Jofinaen

tab'e 2 Fecoernies oi lema'le mollonds bosded in Minne
wio 1987-1970.°

Addults
Numnbwr ol tevoveney e Y
Nuline N

Year banded TS OB QUGN TR pronennd
o7 my 2 e gl 4 B
11HiS Mgt 10 i} 3 Y
(.0 r} [}] ] ofi
itinl} 93 12 3]

Lawals (ihightless yoming )
Nutnber ul pevonetios din oyt

Vear b e Y B TUT0 vl
14T P71 I 4 2 3 nuv
114 INN 3l 1 a 210
[T I K TR T § g
({Inl] 5N LY 157

#1hta Iown Minnesta Depatbent of  Natural  lee
ssttries wikl U 8 Ploteain ol Sport Pisberies and Willdhite,

simple fterative methods ean be applied o
provide solutions with relative ease,

I indtial osthmates of {1 and [8e) are
provided, w strudglitforward Reeative pro-
cedure is to ealeulute 11w D based upon
{F)e Then new values of {£) are calen-
luted by using Lguution 5 with the values.
of I and D just computed. Then new esti-
mates {8} are obtabned by using Equation
G with D and {/). This sequence is then
repeated  (iterated)  antil the  estinnles
canverge to their final values, The ioithal
estimates need not be sceourate, and the
exmnples constdered thus fur have not re.
quired an excessive number of iterations,
A FORTRAN IV computer progeam that
carries out the estimation procedure ds
available from the author,

Estimates of the Varlonces

The theary of maximum likelihood esti.
mation (e, Kendall and Stuart 1067:53)
can be applied to determine the asymp-
totie distribution of the estimators. The
estimators are consistent; L., us the smnple
stzes Increase, the estimators tend to the

3o Wildh, Munage, 38(2): 1974
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Tuble 3. [iimatey ol parametery lor fema'e maliatdy bonded o pAnnneta,
Year Suesival pate Hrcovany tate (o0 et secavery sale (Nes
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1950 500 (0170
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¢ A tlelinead in the teat,
ohtamband voroes are e guan nthawes,

true vadues ol the patameters. Moreover,
the asymptotie distribution of the estima.
tors iy wormad, with the true parmeter
vilues s means and o vadunee.covarianee
matris A A ds formed Dy daverting the
nutrix ol seeomd pastinl derivatives of the
likelilwad function, tking expectations, and
clunging the sign of cach clement. Al
though this can b done for any particolar
vite, eatensive computations are required;
o shple fonanlas have heen foand for the
general cases However, wseful lower bounds
for the varfnees are reaclily  ealenlated
{Wilks 1962:377: Than wnd Guttimun 1964).
These ardse by considering one estimator st
a time, and assumdag the other paranceters
are fixed, These are given by

Var (11) > 01 [ 3 B,
vy [ 3 3V n,

Var { i’t) > i'l"' / E.“(J\m + B ),

Var($) > 8 [ 3 Dy (A B).

Note that cach vihie s simply the square
of the estimator divided by the sunaber of
olservations entering into the oumerator of
the estimator.

EXAMPLES

Example 1.=Table 2 displays the nume.
bers of mallards banded in Minnesuta in
the years 1967 to 1970 and recovered by

5owildl, Manage, 3%{2): 14974
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1970, Adnlt Ferales ot Jocad (Dlightless
young) Temales are inchided, AN Dandings
were done by the Misnesata Deprartinaent
of Natural Restuieees and the U8, Burean
ufl Sport Fisheries and Wildhife prior to
cath hupsting season,

Estinates of the parameters together with
their standurd errors, calenfuted from the
wsymplotic varlance-covarianee malris, nre
iven in Table 3. Alvo shown are the disect
recovery rales of wdults (B = A, N with
their stdard ercors (VI = H) (N - 1))
Note that each reeovery mte Py las a
stancard error appreciably smalles than
that of the cottesponding direct recovery
rte. ‘This inerease in preciston results from
e rates {4} being efficient, using recuv- -
cries from the bandings of all years (ud-
justeed for survival) and Doth age classes
(adjusted  fur differentind - vulnerability ),
while R, is basesd ondy upon recoverles from
the aclult birds banded in the ith year, “The
increased recovery rate fn 1970 corresponds
with o liberalization of the mallard  bag
fimit In Mimesota from one daily (two in
pussesston) in 1969 to four dally (eight in
pussession} in 1970, 1t will be necessary
to analyze 1971 recovedes when they be.
come available in order to determine S,
und thereby nscertain the effeet of liberal-
ization of the bag limit on suevival rates,

Loeal mallards suffered Inmting mortality
in their Ist year at a rate 35 pereent
higher than adults, as indieated by 17 = 155
(45 peteent confidence limits of 110, 2.00),
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Yeer Sutsival sale Necorety rate Aihdts .
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1933 013 sl a k) ] 4 02
(UM 0532 0080 J 0 4 A0
{70 ) ne2 (TARY]
I [1X(Y] [JX}.1% ‘

- LY ] 'Y

:::;.:i :::"l' :;::(}: bt . Nitviiwet of teseceeus i vewr Nt
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Avennty 06 0054 Laitsed o $adireet recoveries of birds banded

On the average, they survived their nftinl
year ut only 35 percent of the adult rate,
since D = 038 (0.24, 0.52).

Example  2=~Ilansots and  Eberhascdt
(1071) provide an exanple with a long
svrfes of consecntive years' bandings and
recoveries, They examined the Colwinbin
RNiver, Wushington populution of the west.
e Conada goose {Brante  canadensis).
Banding veenrred in each year from 1930
o 1967 with the exception of 1966, To
exemplify the method, | constdered bhand.
ings between 1930 and 1985 together with
wll recoveries through the 1967 hunting sea-
s To canserve space, the recovery tubles
ure nut repeated here (see Tables 10-22 of
Ianson and Eberharde).

The estimated survival rates and recov.
ery rates mie given in Table 4. Note the
conslderable varfation in antial survival
rates, conflicting with the asswmption made
hmplicitly Ly Hanson and Eberbardt that
adult survival is constant,  The  simple
average of the survival estimates is § = 0,05,
a figure which lies between two estimates
made by Hanson and Eberhardt: § = 0,00,

ay juveniles; and 8§ =0.055, bused upon
hirds banded as adults,

Hason and Bhethardt (1971) noted that
jventles suftered lower Tasnting mortality
than adults Jid, and this is bome out by a
differentinl vulnerability to hunting of less
tan one, 11 = 072 Siace 2 = LIS, we
infer that juventles typleally survived at a
rate higher than wdults, which seems renson.
able in light of their reduced suseeptibility
to Inting.  llowever, Hapson and  Eler-
hardt, upon comparing the adult survival
rates of 000 (based on binds bandded os
juveniles) and 0.653 (based on birds banded
as wdulty), nssert that mortality is higher
atnony young birds,

DISCUSSION

In sunmmary, this new procedure offors
three advantiges over most existing models:
(1) Survival rates and recovery rtes may
vary with the ealendar year. This feature
is particulurly fimportant for populations
which are hunted under varying scts of
regulations; (2) Bandings of juvenile as
well as adult birds are accommutlated in
one mudel, inereusing the cffective sample
size wnd fmparting wore precision to the

Jo Wildl, Manage, 38(2):1974



estimators; {(3) Variouee estimales ean be
obtained, althongh with consllerabli iffi.
culty, as was done du Example L More.
wver, lower s for the vardunees can
bie ceadily catenlated.

The usefulness of these lower howds in
designing o banding program ean he dem.
onstrated by a hypothetical example, Sup.
pose it iy possible to band, prior w0 the
Iimting scuson of cach year, 30=75 aduit
birds and 180-200 Juvenile bieds, Three
years ul bancding wre envistoned. What sost
of precision Is to be expected in the estis
mates of supvival?

Assuine survival rates of 40 pereent one
year and 70 pereent the nest, recovery rates
of 10, 12, and 8§ pereet, and differential
vidnerubility fuctors of I = L3 and D =
0.6, “The following sunlysis i nut sensitive
o the values of these parameters. These
are typical values which were chosen to
illustrate the method, Recovery tables as
inlicated tn Table 5 would then be es.
peeted to yesult. The minimum possible
vidues of the varfances can be calenluted
m the square of the parnmeter being estl.
mated divided by the nmnber of observas
tions wsed n the estimate. For example,
Var ($1) > 828 + 1 + 5 + 2) = 0.0145.
Similaely, Var (§2) > S2/(0 +4+2 4 7) =
06350, Mintmal 95 percent confidence in.

). Wildl, Manege, 38{2): 1974

Exrnianing Senvivan iates « Jolion

oy

teevals for these values are thus given by
(010, 0.61) for §) and (0.3, 1.07) for .
Henee, after bunding more than 700 birds,
the resultant confidence nteevals will e
at least this wide. Cueeful conslderation
should be given to whether or not esti-

mittes that are this fmpeecise are worth the
A,
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